Purpose: The purpose of this study was to compare observer performance for detection of intestinal inflammation for low-dose CT enterography (LD-CTE) using scanner-based iterative reconstruction (IR) vs. vendorindependent, adaptive image-based noise reduction (ANLM) or filtered back projection (FBP). Methods: Sixty-two LD-CTE exams were performed. LD-CTE images were reconstructed using IR, ANLM, and FBP. Three readers, blinded to image type, marked intestinal inflammation directly on patient images using a specialized workstation over three sessions, interpreting one image type/patient/session. Reference standard was created by a gastroenterologist and radiologist, who reviewed all available data including dismissal Gastroenterology records, and who marked all inflamed bowel segments on the same workstation. Reader and reference localizations were then compared. Non-inferiority was tested using Jackknife free-response ROC (JAFROC) figures of merit (FOM) for ANLM and FBP compared to IR. Patient-level analyses for the presence or absence of inflammation were also conducted. Results: There were 46 inflamed bowel segments in 24/62 patients (CTDI vol interquartile range 6.9-10.1 mGy).
disease response to therapy or when examining younger patients [7] , CT enterography may be preferred in many situations because of planned intervention, lack of timely MR availability, or other factors [8] .
Due to the repetitive use of CT imaging to examine for complications of Crohn's Disease, many institutions perform CT enterography using lower radiation doses than a routine abdominopelvic CT examination. In general, lower dose CT images have more noise and inferior image quality than higher radiation dose exams if noise reduction techniques are not applied. Despite these limitations, multiple studies have shown that radiation doses can be substantially lowered for CT enterography without sacrifices in observer performance [9] [10] [11] [12] . Noise reduction techniques such as iterative reconstruction improve image quality [13, 14] , but not necessarily observer performance [15] [16] [17] . Scanner-based iterative reconstruction methods such as Adaptive Statistical Iterative Reconstruction (ASIR, GE Healthcare) and Sinogram-affirmed Iterative Reconstruction (SAFIRE, Siemens Healthcare) are performed within the scanner image construction system, and while expensive, minimally disrupt workflow and reconstruct images quickly. However, it may be cost prohibitive or not feasible to equip older CT systems with iterative reconstruction, as replacement of the image construction system may be required [18] . Another option is vendorindependent image-based noise reduction strategies [19] [20] [21] [22] . In our experience with several vendor-independent CT noise reduction methods, these image-based methods are relatively inexpensive to install and can be useful in CT practices that employ multiple different scanner makes and models, as a single server can service multiple CT scanners. These typically require some optimization based on dose level, slice thickness, and diagnostic task.
While most institutions now have at least one stateof-the-art CT system with iterative reconstruction, it can be daunting or impossible to triage all Crohn's patients to state-of-the-art scanners with such technology, particularly with other patient groups and diagnostic tasks competing for the same access. So it is highly desirable to develop low-dose CT enterography methods that are vendor neutral. One such vendor neutral solution has recently been described as adaptive non-local means (ANLM). ANLM adapts denoising strength according to the local noise level [23] and is independent of scanner model, software or hardware.
Our purpose was to compare observer performance for intestinal inflammation between reconstruction methods for low-dose CT enterography. Specifically, we compared reader identification of intestinal inflammation between scanner-based iterative reconstruction methods (ASIR and SAFIRE) and an image-based noise reduction method (ANLM) and filtered back projection.
Methods
After IRB approval and patient consent to the retrospective use of medical records for research purposes, we collected CT enterography exams performed using standard low-dose enterography techniques and reconstructed with commercially available iterative reconstruction methods in patients with known or suspected Crohn's Disease. Other inclusion criteria required: (1) a Gastroenterology dismissal note incorporating CTE findings and all other endoscopic, clinical, and laboratory information, (2) availability of filtered back projection images with slice thicknesses matching IR images, and (3) availability of thin FBP images (for ANLM processing). Patients were excluded if any of the inclusion criteria were not met. Due to the study design, we attempted to find consecutive patients using vendorbased iterative reconstruction, with a target population of 50% of patients being positive for enteric inflammation and 50% being negative. A final sample size of 62 was administratively chosen based on the amount of cases radiologists could evaluate in a single day. A summary of the overall study is given in (Fig. 1) .
CT acquisition and image reconstruction
Low-dose CT enterography exams were performed according to standard clinical protocols at two sites within the Mayo Clinic Enterprise. Low-dose CT enterography exams were performed as previously described at Mayo Clinic, Arizona using a GE Discovery 750 CT scanner (GE Healthcare, Milwaukee, WI), and at Mayo Clinic Rochester using a Siemens Definition FLASH (Siemens Healthcare, Malvern, PA) [12] . These exams are performed in patients with a suspicion of small bowel inflammation due to Crohn's disease or other causes. Routine dose CT enterography exams are utilized in patients with obscure GI bleeding or when there is concern for a small bowel or pancreatic neoplasm. For lowdose CTE on the GE system, 100 kV was employed as a fixed KV with a noise index of 31 for patients within this retrospective study. ASIR blending was set to 70%. On the Siemens system, a vendor-supplied kV selection tool was employed to select the most dose-efficient tube potential [24] , with an automatic exposure control setting of 160 quality reference mAs and a SAFIRE reconstruction kernel (kernel I-40 with a strength of 2). All images were reconstructed at 3.75 and 3 mm for the GE and Siemens systems, respectively, using an increment of 2 mm. In order to match the vendor-supplied IR images, filtered back projection images using the same slice thickness and reconstruction increment were performed. Thin 0.625 or 1 mm FBP images were sent to a computer server, which performed the ANLM denoising, and which reconstructed axial slice thicknesses to match the corresponding FBP and IR images for each patient. ANLM is an image-based, vendor-independent noise reduction method which adapts the denoising strength to the local noise level, and which has been analytically estimated and validated with acceptable high and low contrast resolution [23] .
Reference standard
The reference standard was created by a gastroenterologist and radiologist not participating in CTE interpretation. Prior to reviewing the CTE images, the physicians reviewed the dismissal gastroenterology note, all prior gastroenterology notes including outside records, and all available endoscopy reports, histopathology reports, surgical reports, relevant serum laboratory values, as well as all other clinical notes, to determine the presence or absence of intestinal inflammation. Based on this retrospective chart review, the gastroenterologist and radiologist then decided if the patient had Crohn's disease. When intestinal inflammation was due to causes other than Crohn's disease, this was also recorded. Locations of intestinal inflammation within the gut on prior imaging, endoscopy or capsule endoscopy, and surgery were noted.
Subsequently, the clinical vendor-based IR CTE images were viewed by these physicians on a specially configured computer workstation. All intestinal inflammation was marked directly on the workstation images using a circumscription tool, with these results archived. All markings had to be congruent with the previously determined reference diagnosis and all known location information. For this anatomic marking and circumscription of intestinal inflammation, which served as our reference standard, a single inflammatory lesion was defined as a segment of bowel involved by continuous inflammation and separated from other inflammatory lesions by normal-appearing bowel. For example, in pancolitis, the entire colon is counted as one inflammatory lesion; if a patient had Crohn's proctosigmoiditis and ileocecal inflammation, two inflammatory lesions were recorded. When reference standard diagnosis for inflammation in the GI tract was positive, but there were no abnormalities visible on the CTE images, the bowel segment corresponding to the reference standard was still marked on CTE images (so failure to identify this inflammation would be considered a false negative). Penetrating complications (fistulae, abscess) were also marked. Apart from the workstation, physicians recorded inflammation by segment for demographic purposes (anorectum, left colon, right colon, the distal 20 cm of neo-terminal ileum, jejunum to terminal ileum, and stomach/duodenum). Inflammatory severity in each of these regions was graded as follows: mild (segmental hyperenhancement with wall thickness of 3-5 mm), moderate (segmental hyperenhancement with wall thickening greater than 5 mm), or severe (segmental hyperenhancement with wall thickening greater than 10 mm or greater than 5 mm with perienteric stranding or penetrating ulcers) [25] .
Reader evaluation
Three gastrointestinal radiologists reviewed the LD-CTE cases at three sessions using the same customized computer workstation used to create the reference standard. At each session, each radiologist scrolled up and down through the volume data and interactively marked all inflammatory lesions, circling them with a tool, and using a drop-down list to state bowel segment and the presence of inflammation or penetrating complications. Cases were randomized for each interpretation session such that each patient exam was shown only once during each session, with the image reconstruction method randomly prescribed by statistical collaborators. At each interpretation session, radiologists were instructed to only evaluate the gastrointestinal tract from the stomach to anus. Confidence scores on a 0-100 scale were used to determine the confidence of the localization. Interpretation sessions were separated by a minimum of 7 days, and reader interpretation time per case was automatically recorded by the computer workstation.
Following visual examination of the GI tract, each reader completed an image quality survey based on European Quality CT criteria [26] , and using drop-down menus, with readers rating overall image quality, sharpness, noise, and noise texture (''Appendix'').
Matching of reference and reader markings
For matching of reference and reader markings, the computer workstation was re-configured so that reference and reader detections would be simultaneously displayed for each interpretation (Fig. 2) . Two experienced gastrointestinal radiologists not participating in reader interpretation matched reference and reader markings using a grid which displayed all the reader and reference detections. Unmatched reference at detections was classified as false negatives. Unmatched reader detections were characterized as either false positive or non-relevant (e.g., findings in solid organs and outside of bowel).
Statistical analysis
The primary purpose of this study was to determine if ANLM or FBP resulted in inferior performance to vendor-supplied IR methods for low-dose CTE. Consequently, the primary analysis was conducted using noninferiority principles [27] on the estimated difference between observer performance for the vendor-based iterative reconstruction methods verses ANLM and FBP. Observer performance for each reconstruction type was estimated by calculating a figure of merit (FOM) from the area under the jackknife after free-response ROC (JAFROC) curve [28, 29] using the DorfmanBerbaum-Metz model with fixed-reader, random cases using JAFROC Version 4.2 [30] . Differences between the FOM for vendor-supplied iterative reconstruction and ANLM and FBP images, as well as their corresponding 95% confidence intervals, were calculated across readers. Using a non-inferiority study design, the limit of noninferiority was set at 0.1 prior to initiation of the study, meaning that if the lower limit of the 95% confidence interval for the difference between reconstruction methods was greater than -0.1, then ANLM or FBP reconstructions were non-inferior. If the lower limit of the 95% confidence interval for the difference between reconstruction methods was less than -0.1, then the ANLM or FBP reconstructions would be interpreted as noninferiority not shown (i.e., statistically inconclusive). Patient-level analyses for the detection of inflammation were also computed. Pooled estimates and 95% confidence intervals for sensitivity and specificity were estimated using generalized estimating equations using a generalized linear model consisting of a binomial distribution and identity link. These analyses were conducted using the SAS System version 9.3 and the GENMOD procedure (Cary, NC). Finally, image quality ratings were used to create a composite rating (mean score) within each patient-reconstruction pairing. Differences in these composite scores across reconstruction types were assessed using a random intercept mixed model to account for the clustering of ratings patient case. SAS PROC MIXED was used for these analyses.
Results

Patients and exams
A total of 62 patients who underwent LD-CTE using vendor-supplied iterative reconstruction methods met inclusion but not exclusion criteria for our retrospective study. Of the selected cases, 38 were negative by the reference standard. The remaining twenty-four patients (39%; 24/62) had 46 inflammatory lesions within the gastrointestinal tract (mean of 1.9 lesions/patient; range 1-6). The majority of the lesions were located in the small bowel (n = 30, 65%), with the remainder located in the colon (n = 9, 20%), rectum (n = 6, 13%), or stomach/duodenum (n = 1, 2%). Inflammatory severity of these segments was graded as mild (16/46; 35%), moderate (24%), severe (37%) by the GI radiologist and gastroenterologist creating the reference standard. There were two patients with colonic inflammation by the reference standard without identifiable abnormities on LD-CTE images (two ulcerative colitis patients-one with mild inflammation in the right colon; and the other with pouchitis). There were five patients with penetrating complications.
All LD-CTE exams were acquired using automatic exposure control. Observer performance for detecting intestinal inflammation Table 1 shows observer performance for vendor-supplied IR as well as ANLM and FBP, in addition to estimated differences in performance between reconstruction methods, along with 95% confidence intervals. The estimated differences in the JAFROC FOM between scanner-based IR vs. ANLM or FBP were small (-0.002 and -0.005, respectively), and the lower limits of the 95% confidence intervals were above the -0.1 threshold for non-inferiority. Consequently, the null hypotheses for ANLM and FBP were rejected in favor of the alternative hypothesis that the reconstruction techniques were statistically non-inferior to the vendor-supplied IR. Table 1 also presents the reader-specific performance for identifying inflammatory lesions within the GI tract on a perlesion basis as represented by the JAFROC FOM. As expected from the overall estimates for the FOM, the reader-specific estimates were very similar among readers and reconstruction methods, but there was some suggestion that reader performance may vary according to reconstruction technique. Given the limited number of readers, this variation in performance was not estimable. Table 2 shows reader-specific and pooled (i.e., common) estimates for a patient-level sensitivity and specificity on a per-reader basis, with wide overlap of sensitivity and specificity confidence intervals for each reconstruction method (Figs. 3, 4) . Penetrating Unmatched reference identification numbers were labeled as false negatives, and unmatched reader markings were labeled as false positive or non-relevant (e.g., if marking a renal mass rather than a bowel finding). Estimated differences between ALM and FBP vs. vendor-supplied IR are also shown. Assessment for non-inferiority was performed using -0.1 as the limit of non-inferiority a Pooled estimate is from a fixed reader, random case analysis b The estimated difference is relative to the commercial IR. Lower limits of the CI that are above -0.1 suggest the altered reconstruction technique is non-inferior to the commercial IR complications occurred in five patients, including enteroenteric fistulae (two patients), perianal fistulae (two patients), enterocutaneous fistula (one patient), and mesenteric abscess (one patient). For penetrating complications, the pooled sensitivities across readers was 80% (95% CI 57-100%) for all techniques, with similar specificities: 98% (95% CI 95-100%) for FBP, 95% (95% CI 92-98%) for ANLM, and 95% (95% CI 92-98%) for IR (Fig. 5 ).
Image quality comparison Table 3 shows image quality ratings and reader times for each reconstruction method. Reader rankings for overall image quality for IR and ANLM images were significantly higher than for FBP (p < 0.0001 for both comparisons). Sharpness was slightly improved (lower score better) for ANLM (mean rating 1.80) compared to IR and FBP (1.99 and 2.0, respectively; p < 0.0004). Noise was significantly worse (higher numeric score) for FBP (mean rank 2.84) compared to IR and ANLM (mean ranks 2.54 and 2.44, respectively, p < 0.0001). Noise texture was not significantly different between reconstruction methods. There was no difference in interpretation times between reconstruction methods for any reader (p = 0.89).
Discussion
We have demonstrated that for low-dose CTE, an imagebased noise reduction method (ANLM) and filtered back projection (FBP) result in observer performance that is non-inferior to the observer performance obtained with Fig. 3 . 50-year-old male with Crohn's disease, night sweats, and weight loss underwent lower dose CT enterography (CTDI vol = 6.6 mGy). Images show inflamed distal jejunal segment with mural enhancement and wall thickening (arrow) reconstructed with SAFIRE (A), filtered back projection (B), and adaptive image-based noise reduction (C, ANLM). CT findings in conjunction with elevated sedimentation rate and C-reactive protein led treating gastroenterologist to diagnose recurrent jejunal Crohn's disease and add Purinethol in addition to Cimzia. All readers identified this inflamed bowel segment using all reconstruction types (except for one reader evaluating SAFIRE images). a Sensitivity and specificity are based on 24 patients with at least one inflamed segment and 38 patients without, respectively b Pooled estimates of sensitivity and specificity have been adjusted for the correlation of readers within case through generalized estimating equations scanner-based iterative reconstruction methods at the dose levels employed (interquartile range CTDI vol 6.9-10.1 mGy). Similar performance was observed despite the substantial improvements in image quality using both noise reduction methods. Furthermore, there was no difference in reader interpretation times between reconstruction methods. These results have important implications for radiology practices with Crohn's patients and different CT scanner technologies. First, lower dose CTE protocols for Crohn's patients can be performed across a wide variety of CT platforms with differing technology. This realization may be especially important in the Emergency Room, where symptomatic presentation might preclude triage to a state-of-the-art CT system with iterative reconstruction. Multiple studies have highlighted the role of CT in altering patient management in this population [5, 6] . Second, observer performance is not linked to image quality: high contrast diagnostic tasks, such as CTE permit greater levels of dose reduction [18] , and we observed no difference in performance despite observed differences in image quality. Consequently, the benefit of noise reduction may be personal preference and acceptance of lower dose images that are less noisy. For these purposes, an image-based noise reduction system is an acceptable method that can be employed in clinical practice for older CT systems. Image-based noise reduction is vendor independent, and such algorithms can be placed on computer servers, which can denoise thin images from multiple vendors simultaneously. The downside of image-based denoising is slight loss of workflow efficiency as thin FBP images are transferred Fig. 4 . 61-year-old male with urgency and loose stools underwent lower dose CT enterography (9.4 mGy) demonstrating symmetrical wall thickening, intramural fat, and mural hyperenhancement in the duodenum and proximal jejunum suggesting ulcerative duodenitis and jejunitis in the setting of celiac sprue. Transverse image reconstructed with SAFIRE (A), filtered back projection (B), and adaptive image-based noise reduction (C, ANLM) are shown. Reference standard is positive for duodenal and jejunal inflammation based on villous atrophy at endoscopy, and normalization of stools and weight gain on gluten-free diet. All three readers detected this jejunal inflammation. to a server, denoised with new images reconstructed to the desired slice thickness and then transferred to PACS. This transfer and processing time takes approximately 5-10 min. In comparison, the commercial vendor-based IR systems we used for study purposes are reconstructed immediately after patient scanning and sent directly to PACS. Nevertheless, image-based denoising provides an attractive alternative for noise reduction in large practices with heterogeneous scanner fleets or rural practices, where noise reduction will not be used on all cases. Subsequent to this study, we have successfully used the image-based ANLM noise reduction method for two older CT systems in our outpatient practice for CT enterography and CT urography.
Several studies have evaluated the performance of lower dose CTE in combination with a noise reduction system. Kaza et al. compared 120 kV CT enterography in patients weighing less than 160 pounds to 80 kV lower dose CT enterography with images reconstructed using ASIR [11] . Lower dose CTE images with FBP alone were not evaluated. They found lower dose CT enterography had slightly lower image quality scores, but no change in accuracy for inflammatory bowel disease in a subset of their population. In comparison, Lee et al. compared lower dose CTE images with iterative reconstruction in image space vs. with FBP alone at the level of the terminal ileum, and found that FBP images alone did not result in inferior performance [15] . Their results are similar to our study, but the iterative reconstruction they tested was not vendor independent and inflammation in the neo-terminal ileum alone was examined. In the current work, we evaluated for the necessity of noise reduction at all (with comparison to FBP images), and compared different denoising approaches for identification of inflammation throughout the length of the GI tract. It is difficult to compare the dose levels used in these prior studies to ours as the Michigan study evaluated only small patients, and we employed variable kV selection on a subset of our patients. However, Lee et al. used an automatic exposure control setting of 100 Quality Reference mAs for each of two X-ray tubes in their study, potentially similar to the 160 Quality Reference mAs we used in a single X-ray tube.
Our study has several limitations. We evaluated only 62 patients. Ideally we would have chosen 82 patients based on paired comparisons, a 90% expected proportion of agreement and alpha of 0.05, and null hypothesis agreement rate of 80%. Given practical limitations of reader time, our methodology was altered to include a more generalized analysis strategy that accounted for the multiple readers and permitted detection of intestinal inflammation anywhere along the GI tract. Additionally, our study cohort included several patients with non-IBDrelated intestinal inflammation (e.g., radiation enteritis and sprue). However, we believe this heterogeneity reflects clinical practice where etiology and the presence of inflammation are often not known beforehand. Additionally, we did not require histopathology for identification of intestinal inflammation in the reference standard. Such a requirement would not have been possible given our aim to identify multiple locations of intestinal inflammation throughout the GI tract, as many areas would not be endoscopically accessible [31] . Rather, our study design was based on a non-inferiority methodology that examines the fidelity in reader performance between the state-of-the-art images In conclusion, we found that identification of intestinal inflammation using a vendor-independent, adaptive image-based noise reduction method (ANLM) and FBP were non-inferior compared to scanner-based iterative reconstruction for lower dose CT enterography at the dose levels employed. This finding should permit radiology departments and emergency rooms great flexibility in providing lower dose CT options for patients with Crohn's disease. Image-based denoising methods provide a cost-effective alternative to CT noise reduction that may be particularly useful in heterogenous CT fleets or for older CT systems, where iterative reconstruction is not available. Appendix: image quality assessment performed by radiologist readers.
Image quality criteria were performed after observer interrogation of each dataset. Readers could scroll through the data while evaluating image quality. Criteria and rankings are described below:
Overall image quality (5-point scale): 1 = non-diagnostic due to excessive noise artifacts 2 = diagnosis questionable due to excessive noise/ artifacts; moderate decrease in diagnostic confidence 3 = diagnostic with moderate but acceptable noise/ artifacts 4 = mild noise, no change in diagnostic confidence 5 = routine diagnostic image quality Image sharpness (5-point scale): 1 = very sharp 2 = mildly unsharp edges, no diagnostic difference 3 = moderately unsharp, questionable diagnostic difference 4 = noticeable blur with poorly defined edges 5 = non-diagnostic Image noise (4-point scale): 1 = less than usual 2 = optimal 'routine' noise 3 = increased noise, does not affect interpretation 4 = increased noise affecting interpretation Noise texture (4-point scale): 0 = no noticeable change 1 = no noticeable change after window settings changed 2 = perceptible change 3 = blotchiness or change affecting confidence
